Abstract. Evaporation from soil, E s , is important to land surface energy balance and has been estimated in many studies using a surface resistance approach. We investigate the accuracy of this approach using detailed measurement and simulation. Hourly evaporation rates were measured using microlysimeters and load cells at two semiarid sites with bare soil. A numerical model of water (liquid and vapor) and heat fluxes in a soil profile (the soil water, energy, and transpiration (SWEAT) model) provided an accurate simulation of measured evaporation rates. Using output from SWEAT, relationships between soil resistance r s and soil surface water content s (0 -20 and 0 -50 mm) are determined and are then used to estimate E s . These r s -based models performed well over a period of several days but provided poor estimates of E s on an hourly or even a daily basis. A characteristic divergence between measured E s rates and potential evaporation rates at a time during the early daylight hours was not well simulated by r s -based models. An r s ( s ) function for a similar soil at a different location underestimated E s by about 60%. Our work suggests that r s calculated from both evaporative demand and near-surface soil water content s is likely to be more accurate.
Introduction
Evaporation from bare soil or from soil beneath sparse crops is a fundamental component of a land surface energy balance. Accurate prediction of this flux is important at large scale to models of atmospheric circulation [Sellers et al., 1986] and at field scale to studies of the water use efficiency of crops [Cooper et al., 1987] . However, evaporation from soil, E s , has a complex response to changing atmospheric and soil water conditions during the course of a day [Idso et al., 1974; Wallace et al., 1993] . Thus characterization of E s may require frequent measurements (e.g., hourly) and detailed models.
Several approaches to the measurement of diurnal courses of E s have been suggested. A micro-Bowen ratio technique used close to the soil surface (6 cm) was reported by Ashktorab et al. [1989] . A ''soil porometry'' approach is based on the measurement of the rate of humidification of air in a chamber immediately following its placement on the soil surface [van de Griend and Owe, 1994; Seymour and Hsiao, 1984] . Jackson [1973] and subsequent papers [e.g., Jackson et al., 1973; Idso et al., 1974] described a study of evaporation from bare soil and soil water fluxes in which gravimetric soil samples were taken every half hour in eight soil layers between 0-and 9-cm depth for 15 days. Accompanying measurements of evaporation from large lysimeters showed a changing response to environmental conditions during the course of a day, and this was the basis for defining three distinct stages of evaporation [Idso et al., 1974] . Wallace et al. [1993] used microlysimeters (diameter 15 cm, depth 30 cm), which were weighed on a portable balance and then replaced in their field locations every hour. Recently, Baker and Spaans [1994] described a method for continuous in situ measurement of evaporation from microlysimeters using time domain reflectometry (TDR). Most of these studies were concerned with the development of measurement techniques rather than their application to field experiments and interpretation of the data produced.
In contrast, many detailed numerical models of water and heat flow in soils have been developed and applied [see Hanks and Ritchie, 1991; Bristow et al., 1986; Lascano and van Bavel, 1986; Norman and Campbell, 1983; Camillo et al., 1983] . Simpler models of E s , which rely on use of a soil surface resistance, have been incorporated into large-scale numerical models of atmospheric circulation [Sellers et al., 1986; Dolman, 1993] . This use of surface resistance, r s , is also popular at the field scale for estimation of evaporation from sparse crops [e.g., Shuttleworth and Wallace, 1985; Choudhury and Monteith, 1988; Wallace et al., 1990] . Recently, functional relationships between r s and near-surface soil water content, s , have been studied [Mahfouf and Noilhan, 1991] . As s can be sensed remotely [Schmugge et al., 1992] , this approach to estimating evaporation (using an r s ( s ) function) offers an attractive option for parameterizing the lower boundary condition of atmospheric circulation models. This paper introduces a method for continuous, in situ measurement of hourly evaporation rates from soil using microlysimeters and load cells. Hourly data are essential for development of realistic models of E s . A detailed numerical model of water and heat flow in soils, which has been found to simulate the evaporation data well, is described. This model is then used to evaluate the performance of a simple surface resistance model (r s ( s )) in the estimation of evaporation from bare soil.
The SWEAT Model
A numerical model of water and energy fluxes between a reference height above the soil surface (usually 2 m) and deep in a soil profile (м2 m) was used to simulate evaporation. This model, the soil water, energy, and transpiration (SWEAT) model, also simulates the effect of root water uptake and tranCopyright 1996 by the American Geophysical Union.
Paper number 96WR00268. 0043-1397/96/96WR-00268$09.00 spiration from a sparse canopy, but vegetation is not considered here. The numerical approach was developed from earlier work [Philip and de Vries, 1957; Campbell, 1985] and is described in full by Daamen and Simmonds [1994] . A brief summary follows.
A one-dimensional soil profile is simulated by considering it to consist of a series of homogeneous soil layers with variable thicknesses ranging from 1 mm at the surface to 200 mm at depth. Fluxes in the soil profile occur between nodes within each layer. As hourly evaporation from soil is a required output of the model, hourly meteorological data at a reference height above the soil surface (net radiation, air temperature, humidity, wind speed, and rainfall) must be available as inputs to drive the model. Soil water content, (cm 3 cm
Ϫ3
), and soil hydraulic conductivity, k (kg s m Ϫ3 ), are functions of soil matric potential, ⌿ (J kg Ϫ1 ), as proposed by Campbell [1974] :
where sat is saturated soil water content or soil porosity (cm
, ⌿ e is air entry potential (J kg
Ϫ1
), b is a soil parameter (defined as the slope of a log ⌿ versus log plot), k sat is saturated hydraulic conductivity (kg s m Ϫ3 Ϸ 0.98 cm s
), and n ϭ 2 ϩ 3/b. The relative humidity of air in the soil pore space expressed as a fraction, h r , is a function of ⌿, assuming that osmotic potential is insignificant:
where M is molar mass of water (0.018 kg mol
), R is a universal gas constant (8.314 J mol Ϫ1 K
), and T is soil temperature (K). Absolute humidity, e (kg m Ϫ3 ), is calculated as the product of h r and the absolute humidity at saturation for soil at the same temperature, e* (which is a function of temperature [Campbell, 1985] ). Water flow as liquid (q l ) and as vapor (q v ) ( (4) and (5)) follows the approach of Philip and de Vries [1957] using the assumption that liquid flow in a temperature gradient is negligible [Campbell, 1985] :
where g is acceleration due to gravity (m s
Ϫ5 m 2 s Ϫ1 ϭ diffusion coefficient for water in air] and is the dimensionless enhancement factor for vapor fluxes in a temperature gradient (in SWEAT, this enhancement factor is a function of as given by Cass et al. [1984] ).
Soil thermal properties are defined following the approach of de Vries [1963] , Cass et al. [1984] , and Campbell [1985] ), are then described by
respectively. Expressions for the constants C 1 , C 2 , C 3 , C 4 , and C 5 are given in the appendix. Again, following the approach of Philip and de Vries [1957] to simultaneous flow of water and heat in soil, fluxes of heat by conduction, q hc (W m
Ϫ2
), and water vapor, q hv , are calculated using
where is latent heat of vaporization (J kg
Ϫ1
). Changes in temperature resulting from net heat flux to a soil layer over time were calculated using
Fluxes between the calculation node at the soil surface and the height of the meteorological measurements are controlled by the aerodynamic resistance, r a (s m
), between these two points. This is assumed to have the same value for both sensible heat and vapour fluxes and is given by [Choudhury and Monteith, 1988] 
where z u is the height at which wind speed is recorded (m), d is zero plane displacement (effectively zero for bare soils) (m), z 0 is roughness length (ϭ0.01 m), k v is von Karman's constant (ϭ0.41), u is wind speed at height z u (m s Ϫ1 ), T a is air temperature at height z u (K), and T s is soil surface temperature (K). The accuracy of (11) when compared with a more detailed derivation of r a is discussed by Choudhury et al. [1986] . Equation (12) defines sensible heat flux (H) from the soil surface to the atmosphere; an equivalent approach is used for evaporation flux:
where c p is volumetric specific heat of air (J m Ϫ3 K
). The solution procedure in the SWEAT model is as follows. First, an energy balance for each soil layer is drawn up using (8)-(10) and 12 (also allowing for long-wave radiation at the soil surface). The error in the energy balance for all soil layers is then minimized, and new soil temperatures are determined using the Newton-Raphson iterative method and matrix algebra assuming constant soil matric potential. Second, mass balance for each layer, (4), (5), etc., is drawn up, errors are minimized using the same method, and new matric potentials are calculated assuming constant soil temperatures. For a given time step, this sequence is repeated until both mass and energy balance are attained to acceptable limits for the same set of temperatures and matric potentials of a soil layer. The Newton-Raphson method has been used in this context by Bresler et al. [1982] and Richter [1987] as well as Campbell [1985] .
Surface Resistance
The Penman-Monteith equation [Monteith, 1981] for evaporation from a land surface introduced the concept of a surface resistance r s :
where R n is net radiation (W m
) at air temperature T a , and
), is an additional aerodynamic resistance to water vapor flux in series with r a , which reduces evaporation below potential rates (at potential rates r s ϭ 0). For a land surface with full crop cover, r s is often taken to be an integral of leaf stomatal resistance over the whole canopy. For a bare soil, r s accounts for extra resistance to evaporative loss at the soil surface that results as the surface layers dry. As formulated, (13) requires no explicit knowledge of absolute humidity in the soil pore space.
Mahfouf and Noilhan [1991] review surface-resistance-type models of evaporation from bare soil, most of which are formulated from
where e s (kg m
Ϫ3
) is either (1) the saturated absolute humidity at soil surface temperature, (2) the actual absolute humidity at the soil surface, or (3) the absolute humidity at the liquid/vapor interface level at some depth in the soil, depending on which variant of the model is being used. In this study we will take e s to be the saturated absolute humidity at the soil surface temperature [i.e., e s ϭ e* s (T s )], as T s can be estimated from remotely sensed data. Many expressions for r s as a function of near-surface soil water content s were compared by Mahfouf and Noilhan [1991] including (15) (Passerat de Silans [1986] , cited by Mahfouf and Noilhan [1991] ) and (16):
where s is soil water content (cm 3 cm
) of a surface layer of specified depth (here we consider the 0 -20 mm and 0 -50 mm layers) and A and B are soil specific constants that should be determined empirically. Microwave remote sensing of nearsurface soil water content effectively samples a 20-to 50-mmthick surface layer [Schmugge et al., 1992] . Equation (16) ) for the sand used by Kondo et al. [1990] is almost identical to that for the sand at the experimental site in Niger (ϭ0.40 cm 3 cm Ϫ3 [Daamen, 1993] ). The SWEAT model explicitly accounts for many more processes and requires more parameters than such simple surface resistance models. Therefore it should provide a more accurate description of the soil drying process, albeit a more complex one. Although an r s value is not used in the SWEAT model to calculate water fluxes, appropriate values for r s are calculated by the SWEAT model after the end of each time step in two ways. The first (17) is based on the Penman-Monteith equation, using potential evaporation E p (calculated with (13) when r s ϭ 0) and actual evaporation E s output from SWEAT [see also Szeicz and Long, 1969] :
Alternatively, (18) (derived from (14)) uses surface temperature T s and actual evaporation rates E s from SWEAT to estimate r s :
where e* s is saturated absolute humidity at surface temperature
). This approach (18) was used by Daamen [1993] and van de Griend and Owe [1994] and was discussed in detail by the latter authors. Both (17) and (18) are dependent on the accurate estimation of r a .
Field Experiment in Niger
This experiment was conducted in September 1991 at the International Crops Research Institute for the Semi Arid Tropic (ICRISAT) Sahelian Center, 40 km southeast of Niamey, Niger. The soil A horizon typically has 91% sand content (i.e., soil particle diameter 2.0 -0.05 mm), and the soil has been classified as a Psammentic Paleustalf [West et al., 1984] or a Luvic Arenosol [Swindale, 1982] . Net radiation, rainfall, and wet and dry bulb temperatures were continuously monitored at the field site, which was maintained as bare soil throughout the rainy season. Wind speed measurements were taken from the center's automatic weather station 600 m from the site.
Evaporation from soil was recorded on a half-hourly basis as weight loss from microlysimeters. Details of the construction and use of microlysimeters were given by Daamen et al. [1993] . Briefly, undisturbed soil cores are extracted randomly within a plot area by pushing a 100-mm length of PVC tube into the soil, excavating, and then sealing at the base. This microlysimeter (diameter 160 mm, depth 100 mm) is then mounted in an outsized liner tube in an undisturbed part of the plot, with the surface of the lysimeter flush with the soil surface. In this experiment the microlysimeters were seated on load cells placed at the bottom of the liner tubes. Though the gap between the liner tube and the lysimeter was small (Ͻ5 mm), it was crucial that they did not touch and that the lysimeter was only in contact with the mounting pad of the load cell. The output of the load cells is a voltage that is proportional to the weight of the microlysimeter, which was monitored every 5 min with averages stored every half hour. Rates of evaporative loss were recorded to an accuracy of Ϯ0.1 mm/h or less [Daamen, 1993] .
Three soil cores were extracted randomly within the field plot every morning and mounted on load cells as described above. An extra three lysimeters also mounted on load cells were maintained in a wet condition by adding water to the lysimeter surface every morning. The data presented here were collected during a period beginning immediately after rainfall, when the soil profile was in a wet condition.
Field Experiment in India
In October 1990 a similar experiment was conducted at the ICRISAT Center, Patancheru, India. The soil at this site has been classified as an Udic Rhodustalf or a Chromic Luvisol [Swindale, 1982] and typically has an A horizon sand content of about 70% [El-Swaify et al., 1985] . Solar radiation, wind speed, rainfall, and wet and dry bulb temperatures were monitored continuously at the field site throughout the experimental period at a height of 2 m.
Following a large rainfall the previous evening, three microlysimeters were randomly sampled within the plot area and were mounted on load cells. These microlysimeters were used for a 2-day period. One extra lysimeter was maintained in a wet condition by adding water each morning.
Results and Discussion
Evaporation from soil in Niger and India was simulated over the study periods using meteorological data recorded at the experimental plots and the parameter values in Table 1 as inputs to the SWEAT model. The values in Table 1 were based on field and laboratory measurements of the water release curve and soil particle size analysis [Daamen, 1993] . Figures 1  and 2 compare the simulated rates of evaporation for each site with those measured using microlysimetry. The periods shown follow overnight rainfall, which left the profile in a wet condition to depths Ͼ200 mm. The rates of evaporation from wet soil (water was added daily to maintain a wet surface) and rates of potential evaporation ((13), with r s ϭ 0) are also plotted. These figures are typical examples of hourly evaporation data recorded at the two sites.
The load cell system was able to record rates of evaporation to an accuracy of Ϯ0.1 mm/h (Figures 1 and 2) . This is evident during the hours of darkness, when the rates of evaporation are scattered to within 0.1 mm/h of the zero line. Factors contributing to the scatter in the data include variations in actual evaporation rate during the day, wind gusts that can affect load cell readings [see Allen and Fisher, 1991] , and instrument inaccuracies [Allen and Fisher, 1991] . Other studies indicate that hourly evaporation rates are difficult to monitor accurately, and a slightly larger scatter in hourly evaporation data was recorded by Baker and Spaans [1994] using a TDR technique.
Although there is some scatter in the data, the measured average evaporation rates show a characteristic diurnal pattern. On the first day after rain, E s rates follow the calculated potential rates (E p ) closely, although E s falls a little below E p in the afternoon. On the second day, actual evaporation follows the potential rate until midmorning, when there is a marked divergence, and thereafter, E s is considerably less than E p . This divergence of E s and E p during the course of a morning is a feature common to other load cell data from these sites. It was also observed by Idso et al. [1974] and perhaps can be seen in the data of Wallace et al. [1993] from Niger. Evaporation rates recorded from microlysimeters kept in a wet condition will be equal to evaporation in the field, while this evaporation is at potential rates. When the field soil has dried and no longer maintains potential rates of evaporation, rates of evaporation from the wet cores will be higher than potential as a result of strong advection (core diameter is only 160 mm).
Figures 1 and 2 demonstrate that the SWEAT model provides a good prediction of hourly evaporation rates. More Figure 1 . Rates of evaporation from soil at Sadoré, Niger, for 2 days following overnight rainfall. Also shown are evaporation rates from wet soil, simulated evaporation rates, and potential evaporation rates. comprehensive testing of this model, including simulation of periods of more than 6 months in Niger, has confirmed that it provides a good simulation of the overall soil water balance [Daamen and Simmonds, 1994] .
Soil Resistance
The successful simulation of conditions in Niger using the SWEAT model for the period shown in Figure 1 provides an opportunity to investigate the validity of a surface or soil resistance approach to estimating evaporation. Figure 3 shows the simulated surface soil water content for layers 0 -3 mm and 0 -50 mm over the 2-day period shown in Figure 1 . Although the 0-to 3-mm soil layer does rewet overnight (between days 246 and 247), it does not rewet to reach the soil water content of the previous morning (day 246). An almost steady decrease in water content occurred in the 0-to 50-mm soil layer. In contrast, Figure 4 , which shows the progression of r s values over the same period, has a marked diurnal pattern, and r s returns to a value of about zero on both evenings. These observations suggest that surface resistance r s is not a simple function of soil water content. The two different methods for calculating r s ( (17) and (18)) result in slightly different (about 15%) values during day 247, but a similar diurnal course is followed.
One interpretation of Figures 3 and 4 is that evaporative demand appears to modify the relationship between r s and soil water content. To examine this further, hypothetical simulations of conditions of high and low evaporative demand were run. Meteorological data for day 246 and day 247 (as shown in Figure 1 ) were used in this exercise (these days were ranked 15th and 67th, respectively, in an ascending list of 90 daily potential evaporation estimates for July, August, and September 1991). In the ''high demand'' case the meteorological data for day 247 were used to simulate the first, second, and third days after rain (see Figure 5 ). In the ''low demand'' case, the data for day 246 were used to simulate the 3 days after rain. For these two simulations the surface resistance values derived using (18) are plotted against surface soil water content of the 0-to 50-mm layer (Figure 6 ). Figure 6 suggests that soil surface resistance r s is poorly defined as a function of soil water content alone and indicates that the influence of evaporative demand should also be taken into account. Note that, in general, r s Ͼ Ͼ r a and errors in r a are unlikely to affect this conclusion.
In spite of the indications above, let us evaluate the performance of evaporation models that use (14) and an r s ( s ) Figure 2 . Rates of evaporation from soil at Hyderabad, India, for 2 days following overnight rainfall. (17) or (18) in the text for the same period and location shown in Figures 1 and 3 . function in terms of prediction of daily total evaporation and also diurnal courses of evaporation. In the following analysis the r s ( s ) function was obtained in one of three ways.
1. We used (16) proposed by Kondo et al. [1990] for a soil with similar particle size distribution and bulk density to the soil at the Niger site.
2. We used (15) and regression of a subset of the r s data shown in Figure 6 on corresponding water content of the 0-to 20-mm soil layer (the data subset included all nonzero values of r s occurring between 0800 and 1700 hours in both high and low demand cases).
3. We used approach 2 but relating r s to the water content of the 0-to 50-mm soil layer.
Approach 1 exemplifies how r s -based evaporation models might be employed within large-scale atmospheric circulation models using ''typical'' r s ( s ) functions for broad soil classes. Approaches 2 and 3 provide an r s ( s ) function based on observations made over a range of evaporative demands and are most accurate during the portion of the day when significant evaporation was occurring. Note that approaches 2 and 3 are essentially circular, in that the r s ( s ) functions were determined from the data set that is to be simulated; hence it is expected that these approaches should give the best possible simulation of evaporation using an r s -based method. These approaches might be adopted in cases where a site-specific r s ( s ) function can be obtained from a short intensive period of measurement, and then used subsequently to predict evaporation from soil (perhaps using remotely sensed surface water contents). The r s ( s ) functions obtained using the three approaches are shown in Figure 7 . It is notable that there is considerable displacement between the two functions using water content of the 0-to 20-mm soil layer. The function used by Kondo et al. estimates higher resistances for the range of water content prevailing in the field in Niger. These three functions together with values for s and T s taken from the output of the SWEAT model are used as inputs to (14).
Output from the SWEAT model is compared with the r sbased approaches (described above) in Table 2 (daily totals of E s ) and in Figures 8 and 9 (diurnal courses of E s ). It is clear (Table 2) , although it is implicit in these approaches that the values of parameters in the r s ( s ) functions are the ''best'' for the conditions to be simulated. The estimate of the diurnal course of evaporation was also reasonable in the low-demand simulation (Figure 9 ), although the peak evaporation rate on the morning of the third day was an hour and a half later than that simulated by SWEAT. In contrast, Figure 8 shows that under conditions of high demand the diurnal pattern in evaporation was poorly estimated by the surface resistance models. The discrepancies between E s rates from the SWEAT model and the r s -based models are most likely to result from the inability of the r s models to account for the distribution of soil water within the 0-to 20-mm layer (or the 0-to 50-mm layer), which is critical to the estimate of E s in this simulation. Note that the value of r a is the same in both SWEAT and (17) and (18), and thus any deficiency in its derivation will not contribute to the above discrepancies.
It is tempting to conclude that an r s model might be more accurate if the thickness of the surface layer considered is reduced (to 0 -3 mm, perhaps). However, Figure 3 demonstrates that very thin soil layers can ''bottom out'' in terms of water content, providing less information about the actual evaporation flux occurring.
Finally, the effects of evaporative demand on r s that were alluded to above and were a cause of the discrepancy between E s estimated from r s -based models and those output by SWEAT are considered briefly in Figure 10 . This figure shows all nonzero r s data (day and night) plotted against water content for five ranges of potential evaporation. A strong dependence of r s on potential evaporation rate E p is clearly shown, although there is considerable scatter in r s values about the regression lines. Parameter values for the linear regression lines shown in Figure 10 and coefficients of determination (r 2 )
Figure 8. Evaporation rates (E s ) for 3-day, high-demand simulation. Output from the SWEAT model can be compared with the three r s -based models.
Figure 9. Evaporation rates for 3-day, low-demand simulation. Output from the SWEAT model can be compared with the three r s -based models.
for both linear and exponential (i.e., (15)) models are given in Table 3 . For all ranges of potential evaporation except the highest range (0.4 -0.5 mm/h) a linear r s ( s ) model provides a better description of the data than the exponential model. Evaporation rates predicted using both potential evaporation (E p ) and near-surface soil water content ( s ) are shown in Figure 11 . Potential evaporation rates were used to select the appropriate linear regression lines for r s from Figure 10 , and calculated rates of evaporation were not allowed to exceed E p . A minimum value of r s ϭ 0 was adopted. Future use of E p and s in determining values of r s (and E s ) will need to be considered in greater detail. It is not envisaged that the example shown here be applied to other simulation periods or other sites, it merely demonstrates the possibilities of the approach. Further investigation of the most appropriate use of E p and the functional form of r s ( s , E p ) is required.
Conclusions
Although subject to error, the method for measurement of hourly E s using microlysimeters and load cells has provided a valuable data set that improves understanding of the evaporation process. A detailed numerical model of water and heat flow (SWEAT) provides an accurate simulation of these data. The diurnal patterns in evaporation from bare soil, most notably the sharp divergence between hourly rates of E p and E s seen in Figures 1 and 2 , are difficult to characterize with a simple r s model. This behavior is important to the surface energy balance, as it represents a distinct change from a dominant latent heat flux to a dominant sensible heat flux. As this microlysimeter method can be used beneath vegetation as effectively as it is on bare soil, it will be useful in future studies of evaporation rates from vegetated surfaces.
The use of a soil surface resistance can provide a reasonable estimate of cumulative evaporation from soil over a period of several days if well calibrated (Table 2) . On a daily basis or an hourly basis, the estimation of E s is considerably less accurate. An approach that takes evaporative demand into account (see Figures 10 and 11 ) may improve the accuracy of the E s estimate, but even in this case the distribution of soil water within the 0-to 20-mm (or 0-to 50-mm) layer is not considered and may have a strong influence on E s . Using a soil resistance and (14) to estimate E s requires knowledge of near-surface water content s and surface temperature T s through remotely sensed data or simple models. Estimates of s and T s will have associated errors that will decrease the accuracy of the E s estimate in field applications.
Use of electrical analogs in soil physics has a reasonably long history [van den Honert, 1948; Cowan, 1965; Hillel, 1991] , and in these studies a soil profile has been simulated as a number of soil layers, each having properties of a resistor and a capacitor (as does the representation by the model SWEAT). Thus it is not surprising that a single surface resistance, a function of soil water content alone, can only provide an adequate description of evaporation from soil under a specific well-defined set of meteorological and soil conditions. 
